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EFFECT OF COOLING -HOLE GEOMETRY ON AERODYNAMIC PERFORMANCE OF A FILM- 
COOLED TURBINE VANE TESTED WITH COLD AIR IN A TWO-DIMENSIONAL CASCADE 
by John F. Kline, RoyG. Stabe, and Thomas P. Moffitt 
Lewis Research Center 

SUMMARY 

The effect of film- cooling hole size and orientation on aerodynamic losses attributable to film 
cooling the entire surface of a turbine vane was investigated in a two-dimensional cascade. In ad- 
dition, the contribution of individual regions of the surface to the overall effects was determined. 

A representative cooling- hole configuration consisting of 45 rows of holes equally spaced about 
the vane profile was used as a starting point. Nominal hole diameters of 0. 0254 and 0.0356 centi- 
meter and nominal hole orientations of 35^, 45^, and 55^ from the local vane surface and 0^, 45 , 
and 90^ from the main- stream flow direction were investigated. Ambient- temperature air was used 
for both cascade and coolant. The principal measurements were surveys of vane-exit flow condi- 
tions. Tests were made over a range of coolant to cascade- inlet total pressure ratio at design exit 
ideal critical velocity ratio, and over a range of exit ideal critical velocity ratio at a total- pressure 
ratio of 1.0. 

An evaluation and comparison of cooling- hole geometry effects was made for flow conditions at 
design aftermix ideal critical velocity ratio and a coolant total to primary- air inlet total pressure 
ratio of 1.0. Aerodynamic performance was expressed in terms of the percent decrease in thermo- 
dynamic efficiency of the test vane below the value for an uncooled (solid) vane, per percent coolant 
ejected. This measure of performance is called the loss ratio. For coolant ejection from the pres- 
sure surface region or from the accelerating (forward) region of the suction surface, the loss ratio 
is relatively insensitive to the angle relative to the direction of main- stream flow. For coolant 
ejection from the diffusing (rear) region of the suction surface, the loss ratio is hi^ and very sen- 
sitive to ejection angle from streamwise. For coolant ejection from the entire vane surface, the 
loss ratio is lowest for ejection in line with the main- stream flow from large holes at the minimum 
angle with the local surface. The loss ratio is fairly sensitive to spanwise ejection angle, and is 
somewhat lower for larger diameter holes. Coolant flow rates for ejection from individual regions 
can be added to obtain a very close prediction of flow rates for ejection from the entire surface. 

This was also true, in general, for losses. 

Reference material indicates that compound- angle ejection provides better film coverage than 
does ejection in line with the main-stream flow. It appears that use of compound- angle ejection in 
the pressure region and accelerating region would have comparatively little effect on loss ratio. In 
the diffusing region, however, ejection at a compound angle would involve a compromise between 
cooling performance and aerodynamic loss. 

Minimum values of loss ratio occurred at ejection total- pressure ratios above 1.0 for all con- 
figurations and all regions. These minimums were quite pronounced for 45^ compound- angle and 
spanwise ejection, making the loss comparison with streamwise ejection more favorable in the 
pressure- ratio range available to second- stage blading. 


INTRODUCTION 


An extensive research program is in progress at the Lewis Research Center to in- 
vestigate the effect of coolant ejection from the surfaces of turbine blades upon the 
aerod 3 mamic performance of the turbine. As part of this program, cooled turbine vane 
performance is being measured experimentally in a two-dimensional cascade with cold 
air at a coolant- to cascade-inlet temperature ratio of 1.0. Coolant- ejection schemes 
involving trailing- edge ejection and blade- surface transpiration have been evaluated 
(ref. 1). Work is now in progress on film cooling from discrete holes. The effects of 
single- row and multiple- row hole configurations and various hole sizes are reported in 
references 2 to 4, These investigations were for coolant holes slanted 35° from the vane 
surface in the direction of the main- stream flow. Recent flow- visualization studies on 
flat plates (ref. 5) have shown that coolant ejection at an angle with both the vane surface 
and the main stream (compound-angle ejection) provides better film coverage. 

The determination of the effect of this compound-angle ejection on turbine- vane 
aerodynamic performance is one of the principal objects of this investigation. Also in- 
cluded are the effects of ejection angle from the local vane surface and coolant hole size. 
The contribution of individual vane regions to the overall effect was also investigated. 

A representative full- coverage film hole location configuration for the entire surface of 
a turbine vane, consisting of 45 rows of 0. 02 54- centimeter-diameter holes equally 
spaced about the vane profile, a nominal hole diameter of 0.0254 centimeter, and a nom- 
inal hole spacing of 10 diameters, was used for this study. Nominal coolant-hole orien- 
tations of 35°, 45°, and 55° from the local vane surface in the direction of the main- 
stream flow and orientations of 15° and 35° from the local vane surface at angles of 45° 
and 90° from the main-stream flow direction were tested. The effect of hole size was 
investigated by halving the number of holes per row and doubling the area of each hole, 
so that the same coolant flow rate was obtained. Tests were made with ejection from 
holes in a number of vane surface regions, with holes in all other regions plugged and 
leveled to give a smooth surface for each test configuration. The configurations were 
tested as the center vane in a cascade of seven full-scale vanes, with solid, uncooled 
vanes in the other six positions. Test conditions covered a range of aftermix ideal 
critical velocity ratios from 0.6 to 0. 94 at a coolant to primary air inlet total pressure 
ratio of 1.0, and a range of coolant to primary air inlet total pressure ratio from 1.0 to 
1. 5 at an aftermix ideal critical velocity ratio of 0. 81. 

The principal measurements were cross-channel surveys of total pressure, static 
pressure, and flow angle downstream from the vane exit. The results include represent- 
ative surveys and overall performance in terms of coolant fraction and thermodynamic 
efficiency. 
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SYMBOLS 


2 

p absolute pressure, N/cm 

T absolute temperature, K 

V velocity, m/sec 

w flow rate per unit of vane span, (g/sec)/cm 

Y coolant fraction (w^./Wp) 

a flow angle from axial direction, deg 

6 ratio of total pressure at cascade inlet (pi) to U.S. standard sea-level atmo- 

2 

spheric pressure (10. 132 N/cm ) 


V 

V^cr 

(P 


thermodynamic efficiency 3^ + '^c^''^id, 3^c]^ 

ratio of cascade- inlet critical velocity (V^^. j) to critical velocity of U.S. stan- 
dard sea-level air (310.6 m/sec) 

angle between cooling-hole axis and local vane surface (see fig. 2), deg 

angle between cooling-hole axis and main- stream flow direction (see fig. 2), deg 


Subscripts: 

A accelerating region of suction surface 

c coolant 

cr flow conditions at Mach 1 (critical) 

D diffusing region of suction surface 

id ideal, or isentropic, process 

P pressure- surface region 

p primary 

T trailing- edge region 

t total 

0 noncooled (solid) vane 

1 station at cascade inlet 

2 station at vane- exit survey plane 


3 


3 


station downstream of survey station, where flow conditions are assumed to be 
uniform (’’aftermix" station) 

Superscript: 

total- state condition 


APPARATUS AND PROCEDURE 
Vanes and Cascade 

The first-stage stator mean-section configuration of the full-size turbine described 
in reference 6 was used in this investigation. The vane profile coordinates, the cascade 
geometry, and the design inlet and exit flow velocities and angles are shown in figure 1. 
The axial solidity of the cascade is 0. 932 (axial chord, 3. 823 cm; pitch, 4. 100 cm). 

The test vanes are straight (non-twisted), 13. 7 centimeters long, and hollow, with a 
0. 102- centimeter- thick wall. 


Cooling- Hole Configurations 

The eight cooling- hole configurations tested in this investigation are specified in 
table I and figure 2. Test configuration (i) was adapted from a representative, fully 
film- cooled turbine vane described in reference 7. The principal objectives of the 
adaptation were the duplication of coolant- ejection characteristics insofar as external 
vane aerodynamics are concerned, and the nominalization of the hole- configuration pa- 
rameters over as much of the vane surface as possible. The resulting test configuration 
(i), shown in figure 3, has holes arranged in 45 rows around the vane profile. The holes 
are spaced about 0. 254 centimeter apart in each row with the exception of rows 1, 2, 

25, and 45, where the spacing is 0. 127 centimeter. In each row, the holes are located 
spanwise between the holes of adjacent rows. For economy reasons, the hole pattern 
is limited to the center 7.62 centimeters of the 10. 16 centimeters of vane inside the 
cascade tunnel. The holes are 0.0254 centimeter in diameter except in rows 1, 2, and 
45, where the diameter is 0. 0343 centimeter. The hole orientation relative to the local 
vane surface (angle (p in fig. 2) is 35° everywhere except in rows 2, 3, and 4, where 
physical limitations necessitated larger angles, and in rows 1 and 25, where the 90° 
angle of the reference configuration is obviously proper. All holes are oriented in the 
direction of the main-stream flow, so that the angle \p (see fig. 2) is zero. The 
’’nominal” geometry parameter values for test configuration (i) are as follows: hole 
diameter, 0.0254 centimeter; hole spacing, 0. 254 centimeter; angle from surface, <p, 
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35°; angle from streamwise, ip, 0°. 

To study the effect of hole orientation relative to the local vane surface, the 35° 
nominal angle from the vane surface, cp, of configuration (i) was increased to 45° for 
configuration (ii), and to 55° for configuration (iii). To determine the effect of hole size, 
the hole area of configuration (i) was doubled for configuration (iv), and the hole spacing 
was also doubled, to give the same coolant flow per row. To investigate the effect of 
hole orientation relative to the main-stream flow direction, the 0° angle p of con- 
figuration (iv) was changed to 45° for configuration (v), and to 90° for configuration (vii). 
hi addition, the 90° angle from the vane surface (angle <p) of the row-1 holes of con- 
figuration (iv) was changed to the nominal value of 35° for configurations (v) and (vii). 

The effect of a lower angle from the vane surface at a 45° angle from the main-stream 
flow direction was investigated by reducing the 35° nominal angle 0 of configuration (v) 
to 20° for configuration (vi). The effect of a lower angle from the vane surface at a 90° 
angle from the main-stream direction was investigated by reducing the 35° angle 0 of 
configuration (vii) to 15° for configuration (viii). 

As shown in figure 2, the vane profile is divided into four basic regions: the 
pressure- surface region, P; the suction- surface accelerating region, A; the suction- 
surface diffusing region, D; and the trailing-edge region, T. To determine the loss 
ratio for coolant ejection from one particular vane surface region only, the holes in all 
the other regions were filled and the surface was leveled. To investigate the effect of 
ejection from multiple regions of the vane surface, combined regions AD, PAT, and DT 
of configurations (iv), (v), (vi), and (viii) were tested. 

To determine the reference efficiency for an un cooled vane (Vq), a solid vane having 
the same profile as the test vane was used. 


Cascade Tunnel 

All configurations were tested as the center vane in a seven-vane cascade in the 
10. 16- centimeter-span, ambient inlet, two-dimensional cascade tunnel shown in figure 4 
and described in reference 8. The other six vanes were uncooled, solid airfoils with the 
test- vane profile. The validity of results for a single cooled vane in a cascade of un- 
cooled vanes was investigated in reference 9 and approved for loss comparison of essen- 
tially similar cooling designs. 

In operation, room air was drawn into the cascade-tunnel inlet and through the cas- 
cade of vanes by evacuating the chamber surrounding the cascade exit. The boundary 
layer was removed from the tunnel sidewall through flush slots just upstream of the 
vane leading edge. Metered cooling air at the temperature of tunnel-inlet air was sup- 
plied to both ends of the test vane and ejected from cooling holes in the vane surface. 
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fostrumentation 


Flow conditions 1.27 centimeters axially downstream of the vane trailing edge were 
surveyed with the three-element combination probe shown in figure 5. This probe senses 
total pressure with a square-ended, 0. 051 -centimeter-diameter tube, static pressure 
with a 15°-angle wedge, and flow angle with two tubes with ends cut at 45°, The probe 
was calibrated frequently over the range of flow angles and velocities encountered in the 
test. The positioning of the probe relative to the cascade is indicated in figure 1. All 
surveys were made at the middle of the vane span. In operation, the probe was tra- 
versed parallel to the plane of the vane trailing edges at a speed of about 2. 54 centi- 
meters per minute. The pressures sensed by the three elements were measured and 
recorded, along with traverse position, five times per second (every 0,008 cm of sur- 
vey). 

The total pressure inside the test vane was sensed with a square- ended tube extend- 
ing halfway through the inside of the vane. Cooling air flow was measured with an ASME 
flat-plate orifice. The temperatures of the air entering the cascade tunnel, the coolant 
entering the test vane, and the coolant at the orifice were measured with thermocouples. 
Tunnel inlet pressure, coolant total pressure inside the test vane, orifice pressures, 
and all temperatures were sampled once every 2 seconds. Average values for the dura- 
tion of the survey were used in all computations. 


Procedure 

Preliminary measurements were made to determine if the survey results were 
sensitive to the spanwise position of the probe elements relative to the holes in the vane. 
The elements are spaced 0. 508 centimeter apart to put each one in a similar position 
relative to the cooling-hole pattern on the vane. At design aftermix primary-air ideal 
critical velocity ratio and a coolant to primary- air inlet total-pressure ratio of 1,0, the 
spanwise variation in efficiency for the small-hole configuration (i) was about ±0. 15 
percentage point (±5. 4 percent variation in efficiency loss ratio { t]q - 7?)/ t?qY). The 
variation in efficiency for the large-hole configuration (iv) was about ±0. 45 percentage 
point (±18. 4 percent variation in efficiency loss ratio). A spanwise position directly 
downstream from the holes of row 23 was found to give representative and stable results 
and was used for all tests. It was appreciated that ejection at an angle from streamwise 
would displace and alter this pattern and that the effect would be different for different 
coolant flow rates. However, establishment of the actual pattern for each coolant flow 
rate for each ejection configuration was considered impractical. In addition, it was felt 
that the efficiency variation would be less, due to the lower axial component of coolant 
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velocity. This could still have produced some of the scatter encountered in the data for 
ejection at an angle from streamwise. 

Each configuration was tested at aftermix primary-air ideal critical velocity ratios 
from 0.6 to 0.94 at a coolant to primary-air inlet total-pressure ratio Pj./Pj of 1.0. 
hi addition, tests were made at the design aftermix primary- air ideal critical velocity 
ratio of 0. 81 over a range of coolant to primary-air inlet total-pressure ratio from the 
minimum value that would ensure outflow from all holes to a maximum value of 1. 5. 

Exit survey readings were used to compute local flow conditions and quantities. These 
quantities were integrated numerically over a distance of one vane pitch to obtain total 
values. The continuity and conservation of energy and momentum relations were then 
used (ref. 10) to calculate the flow conditions at hypothetical aftermix station 3, where 
they are uniform. 


RESULTS AND DISCUSSION 

The relative effect of cooling-hole geometry parameters on the aerodynamic per- 
formance of a film- cooled turbine vane is reported. The effect, measured experimen- 
tally with cold air in a two-dimensional cascade, is expressed in terms of the percent 
loss in thermodynamic efficiency (from the value of 0.979 for the uncooled vane) for 
each percent of cooling air ejected from the vane surface. This quantity is termed ef- 
ficiency loss ratio and is expressed in symbols as (?7q - 77)/ 7?qY. Complete test data 
for all configurations tested are presented in table II. Performance characteristics 
typical of all configurations are presented and discussed. The effects of hole size, hole 
angle from the vane surface, and hole angle from the main-stream flow direction upon 
efficiency loss ratio for a fully cooled vane are examined, and the contributions of indi- 
vidual vane regions to these effects are analyzed. 


General Characteristics 

Ts^pical total-pressure, static- pressure, and flow-angle variations through the wake 
of an uncooled (solid) vane and a cooled vane (configuration (iv)) at the survey station are 
shown in figure 6. The data are for a nominal aftermix ideal critical velocity ratio 

( V/V„„ I of 0. 81 (design) and a nominal coolant to primary-air inlet total- pressure 

. ‘^Vid, 3 

ratio Pg/Pj of 1.0. The pressures have been normalized to primary-air total pressure 
p^ at the cascade inlet. 

The total pressure of the cooled vane is lower in the wake than that of the uncooled 
vane (upper curves, fig. 6(a)); this indicates higher losses and, therefore, lower effi- 
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ciency for the cooled vane. The total-pressure wake shown for the uncooled vane rep- 
resents an efficiency of 0.979 for this test condition, and the larger total-pressure wake 
for the cooled vane represents an efficiency of 0.956. The width of the wake (as defined 
by reduced total pressure) is about the same for these configurations and was also about 
the same for all configurations. 

The static-pressure variation (lower curves, fig. 6(a)) of the cooled vane is almost 
identical in shape to that of the uncooled vane. This was true for all cooled configura- 
tions. The slight difference in level of the static- pressure trace in this example is a 
result of typical variation of the test condition |V/V„_\ from the nominal value. 

V ''Vid, 3 

The flow angle of the cooled vane (fig. 6(b)) varies more than that of the uncooled 
vane in the wake area. This variation is, however, still well within the ±15° calibration 
range of the survey probe. 

Typical variation of equivalent total flow rate w^-^0^/5 and thermodynamic effi- 
ciency Tj with aftermix ideal critical velocity ratio (V/V ) at a nominal coolant 

V ‘""^Ad,3 

to primary-air inlet total- pressure ratio Pg/Pj^ of 1.0 is shown in figure 7. Equivalent 
flow is based on primary-air conditions at the cascade inlet. Total flow of the two con- 
figurations (fig. 7(a)) is the same within 1. 0 percent up to a velocity ratio of 0. 90. 
Coolant fraction Y is about 0.037 throughout this range. 

The efficiency of both configurations (fig. 7(b)) is relatively constant up to an ideal 

velocity ratio of 0.90. The significant efficiency decrease due to film cooling, already 

noted at design (V/V _j in the discussion of wake shape, persists over the entire 
V °7id, 3 
range of velocity ratio. 

The variation of equivalent coolant flow rate w^'^e^/S, based on primary- air con- 
ditions at the cascade inlet, with coolant to primary-air inlet total- pressure ratio Pj,/Pj 

at design (V/V„,.j for all configurations is shown in figure 8(a). The small-hole 
V °Vid,3 

configurations (i), (ii), and (iii) agree quite closely. Large-hole configurations (iv) and 
(vii) are only slightly lower, but large-hole configurations (v), (vi), and (viii) are about 
13 percent lower. Also shown are the coolant flow rates for each configuration at a 
coolant to ambient total- pressure ratio of 1. 33 with no primary flow. The proportional 
positioning agreement between the two indicates that the coolant flow rate variation be- 
tween configurations is not due to interactions with the primary flow, but is instead due 
to variations in the internal geometry of the coolant holes. 

Coolant flow rate (expressed as a fraction Y of primary flow rate) has very similar 
positioning (fig. 8(b)), which would be expected when total flow rate is essentially the 
same for all configurations. 
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Effect of Hole Size 


The effect of hole size on film- cooling losses is shown in figure 9, where configura- 
tions (i) and (iv) are compared on the basis of efficiency loss ratio over a range of 
coolant to primary-air inlet total-pressure ratio at design aftermix ideal critical veloc- 
ity ratio. In both configurations, the angle of the coolant hole relative to the main- 
stream flow direction (angle \jy) is zero, and the nominal angle of the hole relative to the 
local vane surface (angle <p) is 35°. At a coolant total -pressure ratio of 1.0, the effi- 
ciency loss ratio for the small-hole configuration (i), which has a nominal hole diameter 
of 0.0254 centimeter, is 0. 71. The loss ratio for the large-hole configuration (iv), 
which has a nominal hole diameter of 0. 0355 centimeter, at the same pressure ratio is 
0.66, or 0.05 lower. This difference increases to about 0. 10 at a total-pressure ratio 
of 1. 5. A minimum value of efficiency loss ratio occurs at a total-pressure ratio of 
about 1.05 for each configuration. 


Effect of Coolant-Hole Angle Relative to Vane Surface 

The effect of the ejection angle, or hole angle, relative to the local vane surface 
(i, e. , angle cp) is shown in figure 10. This figure compares the efficiency loss ratios 
for small-hole configurations (i), (ii), and (iii), which have all holes orientated in line 
with the main- stream flow direction (i// = 0°). At a coolant total-pressure ratio of 1.0, 
the efficiency loss ratio for streamwise ejection at an angle of 35° from the vane surface 
is 0. 71, For ejection at 45° from the vane surface, the loss ratio is 0. 78, or 0.07 
higher. At 55° from the vane surface, however, the loss ratio is 0.93, an increase of 
0.22 over the value of 35° ejection. These differences hold relatively constant over the 
range of coolant total-pressure ratios. Minimum loss values occur at a coolant total- 
pressure ratio of about 1.05 for all configurations. 


Effect of Coolant-Hole Angle Relative to Main-Stream Flow Direction 

The effect of ejection at an angle relative to the direction of the main-stream flow as 
well as at an angle relative to the surface (i. e. , compound-angle ejection) is shown in 
figure 11. This figure compares the efficiency loss ratios for large-hole configurations 
(iv), (v), and (vii), all with holes oriented at an angle of 35° relative to the local vane 
surface. At a coolant total-pressure ratio of 1. 0, the loss ratio for ejection at a 45° 
angle from the main-stream flow direction (i. e. , 45° compound-angle ejection; config- 
uration (v)) is 0.99. This is an increase of 0.33 over the loss ratio of 0.66 for ejection 
in the direction of the main-stream flow (i.e. , streamwise ejection; configuration (iv)). 
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For ejection at 90° from the direction of the main- stream flow (i. e. , spanwise ejection; 
configuration (vii)), the loss ratio is 1.27. This is 0.61 above the value for streamwise 
ejection. The loss minimums for 45° compound- angle ejection and for spanwise ejec- 
tion are considerably more pronounced and occur at higher coolant total-pressure ratios 
than for streamwise ejection. The minimum loss value for 45° compound-angle ejection 
is only about 0.07 above the loss ratio of 0.66 for streamwise ejection at the same 
pressure ratio. 

Ejection angles below 35° from the local vane surface are physically obtainable for 
45° compound-angle ejection and for spanwise ejection. The effect of ejection at smaller 
angles with the vane surface is shown in figure 12, which compares configurations (v) 
and (vi) for 45° compound-angle ejection from large holes, and configurations (vii) and 
(viii) for spanwise ejection from large holes. For 45° compound- angle ejection, a re- 
duction of the angle from the vane surface <p from 35° to 20° causes a significant de- 
crease (from 0. 99 to 0. 75) in the efficiency loss ratio at a coolant total-pressure ratio 
of 1. 0. At a pressure ratio of 1. 08, the loss ratio is reduced to a value just 0. 02 above 
the value for the minimum-loss configuration (iv). For spanwise ejection, the effect of 
a reduction of the angle from the vane surface 0 from 35° to 15° is small enough to be 
obscured by the large scatter which was encountered in all spanwise- ejection data. 


Comparison of Results for a Coolant Total- Pressure Ratio of 1. 0 

The ejection geometry effects for coolant ejection from the entire vane surface at a 
total- pressure ratio of 1.0 are summarized in figure 13. The effects of hole diameter 
and angle from the vane surface <p are shown in figure 13(a). An increase of the hole 
diameter from 0. 0254 centimeter to 0. 0355 centimeter results in a drop of the efficiency 
loss ratio from 0. 71 to 0. 66. Increasing the ejection angle from the vane surface cp 
from 35° to 45° has a relatively minor effect on the efficiency loss ratio, but a further 
increase to 55° produces a significant loss. The most efficient configuration for stream- 
wise ejection is configuration (iv), which has large holes oriented at a surface angle <p 
of 35°. 

The effect of coolant-hole angle relative to the main-stream flow direction (angle \}/) 
is summarized in figure 13(b). The efficiency loss ratio for spanwise ejection ( 4 ^ = 90°) 
at surface angles of 15° and 35° is about 1. 3, or twice as much as for streamwise ejec- 
tion (i// = 0°). For 45° compound-angle ejection (il/ = 45°), the loss ratio is 0. 75 at a 
surface angle cp of 20°, and 0, 99 at a surface angle of 35°. 

The most efficient configuration tested is configuration (iv), which has large holes 
oriented in the streamwise direction at a 35° angle from the vane surface. The 
thermodynamic- efficiency reduction due to film cooling for this minimum-loss configura- 
tion is 0.66 percent for each percent of coolant ejected into the primary flow. 
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Vane Surface Regions 


The loss due to cooling in various regions of the vane surface was determined by 
testing four of the cooling- hole configurations with coolant ejection from individual 
regions and from combinations of regions of the vane surface. For these tests, the 
cooling holes in the other regions of the vane surface were filled and leveled to provide 
a solid, smooth surface. Tested were configuration (iv), with i// = 0° and cp = 35°; 
configuration (v), = 45° and <p = 35°; configuration (vi), with xf/ = 45° and <p = 20°; 

and configuration (viii), with xf/ = 90° and <p = 15°. The vane surface regions (see 
fig. 2) tested individually were the pressure- surface region, P; the accelerating region 
of the suction surface. A; the diffusing region of the suction surface, D; and the trailing- 
edge region, T. The pressure- surface region, the accelerating region of the suction 
surface, and the trailing- edge region were tested also in combination, PAT. Other com- 
binations tested were the accelerating and diffusing regions of the suction surface, AD, 
and the diffusing region of the suction surface with the trailing-edge region, DT. 

These data were also used to determine whether the coolant flow rates and losses 
are additive. The coolant flow rate and loss in one region were assumed to be indepen- 
dent of the coolant flow rates and losses in other regions of the vane surface. It was also 
assumed that the measured loss was composed of the loss of the un cooled (solid) vane and 
the sum of the losses due to cooling the various regions of the vane. 

The total coolant flow rate is 

^c,t = ^c, P + ^^c,A + ^c,D + '^c, T 

and the total loss is 

e^ = 6 q + ACp + Ae^ + ASp + Ae.j, (2) 

where 

6t = 1 - V 


and 


A6i = Vq- Vi 

Equation (2) may be rewritten as 

Vq - V = (Vq- Vp) + (Vq - ‘nji) + (Vq - Vp) + (Vq - Vrj,) (3) 

This procedure is compatible with the method of reference 2 provided that the coolant to 
primary- air inlet total-temperature and total-pressure ratios are each equal to 1.0 and 
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provided that the total (primary plus coolant) flow rate for a given vane is constant in all 
the tests of the various surface regions. These conditions were very nearly true for 
all the vanes tested. 

All the results presented in this section are for a coolant to primary- air inlet total- 
pressure ratio (pjj/pp of 1.0 and for the design aftermix ideal critical velocity ratio. 

Loss ratio . - The efficiency loss ratios for three major vane surface regions are 
shown in figure 14. The largest loss ratios occurred for ejection from the diffusing 
region of the suction surface. For streamwise ejection, the loss ratio was about 0. 9. 
For 45° compound-angle ejection, the loss ratio increased moderately, to a value of 1.2 
to 1.3. For spanwise ejection, the loss ratio increased markedly, to a value of 2.2, 
which is about 2-| times the value for streamwise ejection. 

The loss ratio for the pressure- surface region did not vary greatly with the ejection 
angle (i//) relative to the main-stream flow direction. For this region, the loss ratio 
ranged from about 0. 7 for streamwise ejection {\(/ = 0°) to about 0. 9 for spanwise ejec- 
tion (i// = 90°). The lowest losses occurred for ejection from the accelerating region of 
the suction surface. Also, the losses for this region were not very sensitive to ejection 
angle from streamwise; the loss ratio ranged from about 0. 3 for streamwise ejection to 
0. 2 for spanwise ejection. 

Addition of flows and losses . - In figure 15, the sums of the flow rates and the sums 
of the losses obtained for various individual surface regions and for combinations of 
regions are compared with the flow rates and the losses obtained with fully cooled vanes. 
The regional flow- rate totals (fig. 15(a)) agree very closely with the flow rate for the 
fully cooled vane. The regional loss totals (fig. 15(b)) are in general agreement. For 
each configuration, two of the three bar graphs are very close, with the third dis- 
agreeing by about 0. 005. 

Flow and loss interactions between regions. - A comparison of flow- rate and loss 
values (fig. 16) obtained for individual surface regions by subtraction and by direct 
measurement provides some insight into the interactions between the various regions. 
Figure 16(a) shows excellent agreement of calculated (by subtraction) and measured 
values of coolant flow rate. Coolant flow rate from a given region did not appreciably 
affect the coolant flow rate from any other region. 

The comparison of losses (fig. 16(b)) indicates general agreement. However, the 
losses seem to be affected by an interaction of the coolant flows from the accelerating 
region and the diffusing region of the suction surface. Unfortunately, because the accel- 
erating region was not tested separately, the coolant losses for this region had to be 
determined by subtraction. Figure 16(b) shows that for the accelerating region the 
losses determined by method 1 were always higher than those determined by method 2. 
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This suggests that the loss for either the accelerating region or the diffusing region 
alone is larger than the loss for the two regions combined. This is in agreement with 
the full-film results shown in figure 15(b). With full-film cooling, the sum of the loss 
for the combined accelerating region, pressure- surface region, and trailing- edge region 
(APT) plus the loss for the diffusing region (D) alone was always greater than the sum of 
the loss for the pressure- surface region (P) alone plus the loss for the combined ac- 
celerating region and diffusing region (AD) plus the loss for the trailing- edge region (T) 
alone. One explanation for this is that coolant ejection from the accelerating region may 
be causing the transition from a laminar to a turbulent boundary layer to occur earlier 
than it would without ejection from that region. The effect on the loss in the diffusing 
region would depend on whether there were coolant flow in the accelerating region or the 
diffusing region or both. Testing of the accelerating region alone is required to define 
this interaction. 


CONCLUDING REMARKS 

Film-cooling flow-visualization studies indicate that compound-angle ejection pro- 
vides better film coverage than does streamwise ejection. A major object of the inves- 
tigation reported herein was to evaluate the aerodynamic penalty for compound-angle 
ejection. For coolant ejection from the pressure-surface region and the accelerating 
(forward) region of the suction surface, it appears that the ejection angle relative to the 
streamwise direction can be dictated from cooling considerations, with comparatively 
little effect on the overall vane loss. For the diffusing (aft) region of the suction surface, 
the effect of the ejection angle from the streamwise direction is larger, and a compro- 
mise must be made between cooling performance and aerod 3 mamic loss. 

Minimum values of loss ratio occurred at coolant to primary-air inlet total-pressure 
ratios above 1.0 for all configurations and all regions. For compound-angle ejection, 
these minimums were quite pronounced, making the loss comparison with streamwise 
ejection more favorable. This would be a definite factor in a consideration of film cooling 
for second- stage blading. 


SUMMARY OF RESULTS 

The effect of film- cooling hole geometry on the aerod 3 mamic performance of a tur- 
bine vane was measured in a two-dimensional cascade. Nominal hole diameters of 
0. 0254 and 0. 0356 centimeter and nominal hole orientations of 35°, 45°, and 55° from 
the local vane surface and 0°, 45°, and 90° from the main- stream flow direction were 
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investigated. In addition, the contribution of individual regions of the vane surface to the 
overall effect was determined. Ambient-temperature air was used for both cascade and 
coolant. Tests were made over a range of aftermix ideal critical velocity ratio from 

0. 6 to 0. 94 at a coolant to primary-air inlet total- pressure ratio of 1. 0, and over a 
lange of coolant to primary- air inlet total- pressure ratio from 1. 0 to 1. 5 at an aftermix 
ideal critical velocity ratio of 0. 81. The principal measurements were surveys of total 
pressure, static pressure, and flow angle downstream from the vane exit. Loss results 
are expressed in terms of percent decrease in thermodynamic efficiency of the test vane 
below the value for an uncooled (solid) vane per percent coolant ejected, or loss ratio. 
This summary is limited to results for a coolant to primary-air inlet total-pressure 
ratio of 1.0, as this is a realistic design condition for vanes. The following are the 
principal results of the investigation: 

1. For coolant ejection from the pressure-surface region or from the accelerating 
(forward) region of the suction surface, the loss ratio is fairly insensitive to the angle of 
ejection relative to the main-stream flow direction. For an angle change from 0° to 90°, 
the loss ratio varied from 0. 7 to 0.9 for ejection from the pressure- surface region, and 
from 0. 3 to 0. 2 for ejection from the accelerating region. For 45° compound-angle 
ejection from these same regions of the vane surface, a reduction of the ejection angle 
relative to the local vane surface from 35° to 20° also had very little effect on the loss 
ratio. 

2. For coolant ejection from the diffusing (aft) region of the suction surface, the 
loss ratio is high and very sensitive to the angle of ejection relative to the main -stream 
flow direction. The loss ratio increased from 0. 9 for streamwise ejection to 1. 3 for 45° 
compound- angle ejection and to 2.2 for spanwise ejection. With 45° compound- angle 
ejection, a reduction of the surface angle from 35° to 20° resulted in a decrease in loss 
ratio from 1. 3 to 1. 2. The loss ratio for streamwise ejection from the diffusing region 
(0. 9) is higher than for the pres sure- surface region (0. 7) and much higher than for the 
accelerating region (0. 2). 

3. For coolant ejection from the entire vane surface (all regions), the loss ratio is 
lowest for streamwise ejection from large holes at an angle of 35° with the local surface. 
Efficiency decreased 0.66 percent for each percent of coolant flow. The loss ratio is 
fairly sensitive to the angle of ejection relative to the main-stream flow direction. The 
loss ratio increased to 1. 0 for 45° compound- angle ejection and to 1. 3 for spanwise ejec- 
tion. Reducing the ejection angle relative to the vane surface from 35° to 20° for 45° 
compound-angle ejection reduced the loss ratio to 0. 76, which compares favorably with 
the value of 0. 66 for streamwise ejection. 

4. For coolant ejection from the entire vane surface, the loss ratio is somewhat less 
for larger diameter holes. Increasing the hole diameter from 0.0254 centimeter to 

0. 0356 centimeter resulted in a decrease in loss ratio from 0. 76 to 0. 66. 


14 



5. Coolant flow rates for ejection from individual regions can be added to very 
closely predict flow rates for ejection from the entire vane surface (all regions). 

Cooling losses for ejection from individual regions can be added to predict, in general, 
losses for ejection from the entire vane surface. The maximum error for two independ- 
ent loss summations for each of four configurations was about 0, 005 of the efficiency of 
the solid vane. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, September 27, 1977, 

505-04. 
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TABLE II. 

- Continued. 
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Vane 

surface 
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Velocity 
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TABLE n, - Continued. 
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Development of suction surface 



Figure 2. - Schematic of film-cooling hole geometry. 

















Efficiency loss ratio, (tjq -t))/ 7 ]qY Efficiency loss ratio, 



Figure 9. - Effect of hole size on efficiency loss ratio at design after- 
mix ideai critical velocity ratio (v/VcA^ 3 . Streamwise (ip = 0°) 
ejection at 35° from vane surface. 


Config- Angle 



Figure 10. - Effect of ejection angle from vane surface p on 
efficiency loss ratio at design aftermix ideal critical velocity 
ratio A / ^ Streamwise (tp = 0°) ejection from small 

holes. 
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Figure 11. -Effect of ejection angle from streamwise direction fp on 
efficiency loss ratio at design aftermix ideal critical velocity ratio 
(V/V^rj - Ejection from large holes at 35° from vane surface. 


Config- Angle Angle from 



Figure 12. - Effect of smaller ejection angles from the vane surface on 
efficiency loss ratio for compound-angle ejection from large holes at 
design aftermix ideal critical velocity ratio . . 
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Configuration (iv) (i) (ii) 

Angle from vane surface, (p, deg 35 35 45 

Hole diameter, cm 0.0355 0.0254 0.0254 

(a) Streamwise ejection (i/j = oP). 


55 

0.0254 



Od) Compound-angle ejection. 


Figure 13. - Summary of ejection geometry effects on vane effi- 
ciency at a coolant to primary-air inlet total-pressure ratio 
pj./pi of 1.0 and design aftermix ideal critical velocity ratio 

(“-Vi- 



Angle from vane surface, deg 35 20 35 15 

Angle from streamwise, deg 0 45 45 90 

Figure 14. - Efficiency loss ratio for ejection from Individual surface regions 
at a coolant to primary air inlet total pressure ratio p^/pj ofLOand 
design aftermix ideal critical velocity ratio ^VA/^r^.^ ^ 
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Configuration (iv) fvi) (v) 

A ng/e from vane surface, deg 35 20 35 

Angle from streamwise, ijt, deg 0 45 

(b) Cooling losses. 

Figure 15. - Additive characteristics of regional flow rates and losses. 












Angle from vane surface, (p, deg 35 20 

Angle from streamwise, ijt, deg q 45 


Q}) Cooling losses. 
Figure 16. - Concluded. 
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